A novel method to simultaneously measure liquid-solid-mass-transfer and external wetting efficiency was employed at column to particle ratios of 10, 6 and 3. Two prewetting procedures representing the upper (Kan) and lower (Levec) hysteresis branches were used.
Introduction
Laboratory scale representation of commercial trickle bed reactors has is a type of experiment employed by numerous research institutions. Whether the study entails a new reaction process or an existing one, the aim is usually to be representative using the smallest amount of catalyst. When the catalyst test work is of a conceptual nature catalyst fines can be used order to obtain an initial estimate. This approach will however not suffice if a more accurate prediction/representation is required. The first step in improving the mimicking properties of the laboratory scale reactor is usually to use the same catalyst pellets as that of the commercial unit. With similar packing one would ideally like to recreate the hydrodynamic properties of the commercial unit. This will only be possible if the superficial gas and liquid velocities of the commercial unit are used in the laboratory setup but given the extended length of commercial reactors it is not always possible to represent the complete commercial reactor in a single laboratory run. Numerous investigators opt for lower superficial velocities in the laboratory units in order to operate at the same space velocity as that of the commercial reactor. In the case of a trickle bed reactor where gas and liquid moves downward through the bed, lower velocities will entail poorer catalyst wetting and external mass transport (gas to liquid and liquid to solid), it might also cause a regime shift from the higher to the lower interaction regime. Although the latter will defect the mimicking of the small scale experiment, the most likely poorer performance of the laboratory unit will at least be 'forgiving' when scaling to larger units (at higher velocities). This said, knowledge on the wetting and external transport properties of the system will assist in improved up scaling and understanding.
In order to keep the catalyst amount and feed requirements of the laboratory reactor low, the diameter should be as small as possible. It will be preferable to rather have a long bed with a small diameter to keep the superficial velocities at realistic values. The trade-off in doing this lies in the contribution of wall effects for smaller diameter columns, where the contribution of the higher porosity near-wall zone affects the overall hydrodynamic properties of the column (Templeman and Porter, 1965) . Numerous studies have been performed on this specific topic and a list is supplied in table 1. The column to particle diameter ratio (D/dp) is commonly used to define the critical point where the wall effects are negligible and values between 8 and 20 are suggested in literature (see table 1 ). Different criteria were used in determining these values, with wall flow quantification via annular collectors, pressure drop and holdup measurements and radial porosity quantification being the most prominent. Not to be confused with the minimum D/dp value for hydrodynamic consistency is the maximum D/dp value for negligible radial temperature profiles in the case where heat generation due to reaction is a concern (Mears, 1971 ).
When considering a trickle bed reactor operating in the absence of radial temperature profiles, the most crucial hydrodynamic parameters affecting the reaction outcome are the external mass transfer steps (gas-liquid and liquid solid) and the catalyst wetting. Compared to liquid holdup and pressure drop these parameters are more directly linked to the overall reaction rate. It will therefore be interesting to know the effect of these overall parameters on D/dp in order to extend the criteria for deciding upon a minimum value, specifically when considering laboratory scale reaction studies. Since numerous commercial trickle bed reactors are liquid reagent limited and near isothermal, Liquid Solid Mass Transfer (LSMT) and catalyst external wetting was chosen as hydrodynamic parameters in this study. A novel electrochemical method (Joubert and Nicol, 2011) able to simultaneously measure LSMT and wetting efficiency was employed in three different columns with respective D/dp ratios of 3,6 and 10. Multipoint distributors (MPD) as well as point source distributors (PSD) were used at the upper and lower bound of the hysteresis envelope. and gas phase (N 2 ) is fed concurrently to the bed. Two types of distributors were used in this study. One system employs a Point source (PSD) with a hole diameter of 1mm. In the other system the liquid enters through a needle distributor, MPD, containing 9, 36 and 59 needles (corresponding to the 12mm, 26mm and 44mm columns) with an internal diameter of 1mm in a square pitch arrangement. In both systems nitrogen enters the column through a 12mm id pipe positioned below the liquid distributor plate. The electrolyte was kept in a nitrogen atmosphere to eliminate the possibility of degradation.
The physico-chemical properties of the electrolyte are given in table 2. Multiple nickel coated beads (4.5mm) in close contact were used as the rate-limiting cathode. Different cathodes were inserted at two locations within the bed (shown in figure 2), separated from one another by 4mm glass beads. A large section of nickel beads (4-6 times the size of the largest cathode) at the outlet of the column acted as the anode. The reagent concentration for the anode reaction is ten times that needed for the cathode reaction to ensure rate limitation at the cathode. The standard electrochemical method described by Rao and Drinkenburg (1985) is used to measure the liquid-solid mass transfer at the surface of the electrodes. The current through the system, for an applied potential difference of 1000mV, is measured using a NI PXI-4071 Digital Multimeter with 7 ½ digit accuracy supplied by NI-Solutions. Liquid-solid mass transfer coefficients are calculated using the measured current as shown in equation 1. Two preconditioning methods were used in order to investigate the range of possible wetting efficiencies and mass transfer coefficients. The first method, referred to as the Kan mode, represents the upper hydrodynamic bound. This is achieved by operating the column in the high interaction, or pulsing, regime for a couple of minutes before switching the liquid and gas flow rates to the desired operating velocity. The second method represents the lower hydrodynamic bound for preconditioned beds and will be referred to as the Levec mode. In this mode the column pre-wetting is achieved by flooding the column with liquid. The column is then allowed to drain under gravity for 20 minutes, after which the liquid and gas phases is introduced to the column at the desired operating flows. (Loudon et al., 2006) The wetting efficiency was measured by operating the electrochemical circuit in the kinetic regime, where the intrinsic reaction rate of the electrochemical reaction controls the current. This is achieved when low voltages are applied between the electrodes (Joubert and Nicol, 2011) . Unlike the mass transfer controlled regime where the current does not alter with an increase in applied voltage, the kinetic regime is characterised by a linear relationship between current and applied voltage (Hanratty and Campbell, 1983) . This regime behaves similar to a liquid phase chemical reaction operating in the absence of external (liquid-solid) mass transfer effects, where the superficial velocity in the bed has no influence on the reaction rate. The effect of superficial velocity under liquid flooded conditions (100% surface wetting) was used to establish the voltage required where mass transfer effects are negligible.
At 50mV it was observed that a the current reading was similar for superficial velocities of 1 and 20mm/s and accordingly a voltage of 20mV was used for all the wetting efficiency measurements.
The measured current at 20mV is directly proportional to the area available for electrochemical reaction. In order to calibrate this relationship composite anodes of different sizes where packed for the calibration run ( figure 2(a) ). The external cathode areas varied from 0.000636m 2 (10 beads) to 0.0.1272m 2 (2000 beads), by packing different size electrodes in each of the three columns. Figure 3 shows the current measurements of the minimum and maximum velocities. The non-zero offset of the total current measurement can be attributed to the contribution of the non-faradaic current (current produced by physicochemical processes other than the redox reaction). The non-faradaic current was measured by repeating the calibration experiments with a NaOH only solution. The faradaic current (caused by electrochemical reaction) can be obtained by the difference between the two linear regressions (figure 3) and behaves according to the expected outcome. It is important to note that the influence of non-faradaic current in the mass transfer measurements is negligible and therefore not reported (Wang, 2006) . 
Results and Discussion
All reported data points represent the average from 3 readings obtained, with the prewetting procedure performed between the acquisitions. Although not indicated on the graphs, the repeatability of all reported points was within 4% absolute deviation from the mean. All the data is represented in figure 4 and figure 5, while figure 6 provides an alternative representation of the top cathode at a liquid velocity of 2mm/s. It is important to note that the LSMT measurements supplied in figure 5 gives the value of the wetted area transfer coefficient and that the overall LSMT measurement was divided by the wetting efficiency Although not reported in this paper, the wetting readings were also similar to readings obtained from a 68 mm column (D/dp=15) by Joubert and Nicol (2011) where the exact method was employed. The reading represents a radial average and does not distinguish between wall and centre wetting (attempts at annular and core electrode packing were unsuccessful). Whether a wetting gradient exist and what the gradient will be remains unknown, although calometric analysis performed by Baussaron et al.(2007) exhibited no radial wetting variation for beds with proper distribution (multiple needles). In contrast, the point source results (PSD) show a clear dependency with respect to column diameter where the wetting decreases as the column diameter increase. This is to be expected as the liquid flow for the larger column requires more bed depth to properly distribute up to the walls.
Variation with regards to bed depth indicates that wetting is improving down the bed, but not to the extent that the wetting values of the MPD is obtained. The column length to diameter aspect ratio for the bottom electrode in the small column is 42, and even at this relative depth the PSD wetting measurements is far lower than that of the MPD.
The second striking result is the close proximity of the Kan-mode specific LSMT measurements for different column sizes employing a MPD. Similar to the wetting results these measurements correspond to the D/dp=15 measurements (Joubert and Nicol, 2011 Accent should be place on the Kan-mode MPD results. The major finding of this work is that proper prewetting and distribution will ensure that the average LSMT and wetting characteristic of small diameter columns (as low as D/dp=3) are similar to those of larger columns. Despite the differences in pressure drop, radial porosity and liquid distribution for these small columns, the primary rate determining hydrodynamic parameters (LSMT and external wetting) seems to be unaffected. This suggests that near isothermal reaction experiments under mass transfer limitation will be unaffected by the column diameter up to a minimum of 3 column diameters or even less. It will definitely be interesting to test the postulate under real reaction conditions. 
Conclusions
New ideas regarding the minimum column to particle ratio (D/dp) was introduced in this paper. It is suggested that proper prewetting and distribution can allow for representative reaction experiments at D/dp values as low as 3. It is preferable to test the postulate under 
